here have been many studies that have proved the feasibility and usefulness of telemedicine [ 1-31. Remote diagnosis of an ECG through a telephone network is a well-known example [4] . Telemedicine is a useful technique and has been used in such applications as medical care in remote rural areas and aftercare for pacemaker-implanted patients. However, the use of telemedicine has not spread as extensively as other commonly used engineering techniques, such as medical imaging. This is not because telemedicine is of less importance, but because supporting technologies have not been sufficiently developed. Recently, however, the situation has changed due to progress in communication technology. The performance of communication links has greatly improved, and a communication network 
It has been recognized that telemedicine is useful in the field of emergency medicine. Early diagnosis by a specialist in an ambulance is particularly important for emergency care [5, 6] . Moreover, recent social changes in Japan (i.e., an increasing population of senior citizens and increasingly stressful living conditions) have resulted in a rapid increase of acute cardiovascular and cerebrovascular crises, which have, in turn, increased the demand for telemedicine. People are also spending longer periods of time in moving vehicles; for example, in aircraft on an international route and in ships plying the ocean. Thus, the number of emergency cases in such situations has steadily increased. However, at present, there are no effective means for coping with emergency cases on moving vehicles. In such emergencies, accurate diagnosis is one of the most important factors for the survival and aftercare of the patient.
Some projects have been conducted in which the techniques of mobile communication and satellite communication were applied to telemedicine. Early experiments were conducted with the transmis-sion of the ECG from an ambulance [5, 6] , and with a medical consultation service transmitted by a communication satellite [7] . Although the feasibility has been verified, the transmission of such medical information has not been widely practiced in most countries.
We have proposed some techniques for mobile telemedicine and have verified their practical feasibility in experiments. This article presents technical considerations required to realize a practical mobile telemedicine system, techniques developed for multiple medical data transmission, and the satisfactory results of their applications to telemedicine in moving vehicles.
Technical Considerations for Mobile Telemedicine
We have proposed the application of biotelemetry techniques to telemedicine using mobile communication [SI, as illustrated in Fig. 1 . In a moving vehicle, color images, audio signals, and physiological signals such as ECG and blood pressure are obtained from the patient. These images and signals are multiplexed and transmitted to a fixed station. In the fixed station, the signals received are demultiplexed and presented to a medical doctor, or processed in an automatic monitoring system. Instructions from the doctor are then transmitted back to the mobile station through the communication link.
This technique has inherent characteristic problems that are different from those of conventional telemedicine or general data transmission using mobile communication. In the following sections these problems are pointed out and technical solutions are presented to show the practical feasibility of the proposed technique.
Channel Capacity
In mobile communication, the capacity of the transmission link is generally limited. It is typically 10 kbps-100 kbps. For example, cellular telephones in Japan have a transmission capacity of 9.6-64 kbps, and the digital link of INMARSATs has a transmission capacity of 24-64 kbpc. These capacities are far below those required for the transmission of medically significant information, wch aq a moving color image. The transmission of a color video signal requires a transmission capacity of in the order of I -10 Mbps with data compression for a moving image. Thus, we must first examine whether any useful medical data transmission can be performed with such limited capacity. For practical telemedicine using this limited transmission capacity, the following parameters were chosen and data-compression techniques were applied. Table 1 shows an example of the parameters and data-reduction ratios used.
In emergency telemedicine, visual information is of vital importance [9] . In some cases, high-quality colored images are required to check the color of skin, lips, nails and blood, as well as the condition of the patient's body. In other cases, moving images are required to check the movement of a patient. In the former case, still pictures are transmitted. By making the interval between each picture short (e.g., less than 1 min), slow movements of the patient can be understood. In the latter case, if a picture with low image quality is sufficient, a monochromatic moving picture is transmitted. [13] , and it is not difficult to reduce such data by 8: 1.
Systolic and diastolic blood pressures are measured every minute. Since the dynamic range and sampling rate are small, only a low bit rate and no compression are required The total capacity required for transmitting all of this data is about 19 kbps. Therefore, even if more capacity is required for other signals to provide multiplexing and redundancy (e.g., synchronization bits, parity bits, etc.), all these data can be transmitted within the practical capacity of a mobile communication link.
Reliability
In telemedicine, a transmission m o r can cause a fatal outcome. Therefore, reliability is much more important in telemedicine than in other commonly used data transmissions. A high level of reliability can be obtained by introducing as much redundancy as possible in the signal transmission; e.g., by making the handshake transmission process complex, and by establishing strict error-checking or error-control. However, such measures are difficult with the aforementioned low transmission capacity. If we use a satellite link, a significant propagation delay (about 0.5 sec) becomes another problem.
In this study, the following error-control techniques were applied. An automatic repeat request (ARQ) tech-
Theoretical analysis of reliability ancl improvements by error-control techniques.
nique was employed for the ECG. Although ARQ is highly reliable in data transmission, retransmission of data produces a delay when an error is found. This problem can be solved by the technique described below. There is no problem with retransmission if we use the method of forward error correction (FEC). We employed FEC for blood pressure, and error-control was conducted according to the majority decision principle.
The reliability of each parameter was analyzed theoretically. First, an error interval (EI), or a mean time between errors, is defined as:
where E,,, is the probability that the data is in error, L,,,, is the data length [bit], and R,, is the data rate [bithecl. Edata depends on the coding method of the data. In our system, EIS are theoretically calculated for ECG and blood pressure. The results are shown in Fig. 2 . The bit-error rate (BER) is assumed to be in the worst possible case, which seldom happens. The BER of the communication link used in this study was about in the usual situation. Thus, as can be seen in the figure, sufficient reliability is attained with the error control.
EIS are calculated for the image and audio signals in a similar way. An error in these data is produced once every sec. Therefore, an error appears in an image within this interval, but it is only in a small part of the image and can thus be ignored. In the case of audio data, errors occur over a short period of time and do not affect the intelligibility of the conversation. The above data are presented to the human visual and auditory sensing systems, where considerable error can be tolerated from the viewpoint of recognition. Thus, sufficient reliability is guaranteed in this system.
Real-Time Operation
In telemedicine, real-time communication between moving and fixed stations is important. Recently, the operation speeds of microprocessors and communication control units have increased greatly. This has made real-time data transmission easier, even with complex error-control procedures. However, if we use a satellite communication link, the propagation delay between the transmitter and receiver becomes a problem. If ARQ is used as the error-control principle, a delay is inevitable due to the time required
Data
Video for repeat-request signal transmission and data retransmission ( Fig. 3(a) ).
This problem can be solved by installing input and output buffer memories in both moving and fixed stations. The transmission time has to be made sufficiently shorter than the time corresponding to the buffer capacity. Figure 3 illustrates an example of the delay in the ARQ process and -round-trip delay of the link are lo-' and 0.6 sec, respectively, the mean delay is 94 bits or 0.073 sec. These are sufficiently small to cope with by the technique mentioned above. Therefore, the real-time operation is not impeded by the propagation delay.
Electromagnetic Interference (EMI)
The electromagnetic environment in a moving vehicle may be adversely affected by ignition noises, radio communication, and radar equipment. Therefore, medical devices and instruments should be designed to be immune to such an unfavorable environment. At the same time, they must not interfere with the navigation equipment of the vehicle, particularly in an airplane or a spaceship.
Regarding electric lines and cables, techniques have been established to suppress both conduction and emission noises. Thus, equipment used in emergency care does not generally have the problem of EMI. However, telemetry devices using radio waves are of primary concern. Although telemetry devices are useful for measuring and monitoring physiological parameters of the patient, they are vulnerable to EM1 and can also be the cause of EMI.
A telemetry technique using indirect light transmission [ 141 is one solution to the above problem. This technique is useful in an enclosed environment, such as the cabin of an airplane, ship, or space-lab. Ambulatory measurement using indirect light transmission has been shown to be feasible, and its effectiveness was verified by the acquisition of physiological data from astronauts 1151.
Multiple Data Transmission

Analog Multiplexing
An ECG is one of the most important of the vital signs to be transmitted in emergency care. ECG transmission using a telephone line has been practiced in various applications, such as telemedicine in a remote area and periodic checkups of patients with implanted pacemakers. We have developed a new technique for simultaneously transmitting an ECG and voice through a single vocal communication channel of a mobile telephone or an emergency radio system [ 161 This technique enables us to transmit an ECG and vocal messages from an ambulance to a hospital in real time, and to send back instructions from a medical doctor to an ambulance, all in a single vocal channel. It does not require installation of an additional communication channel for the ECG transmission. Figure 4 illustrates the outline of this system. Since real-time operation is required for ECG transmission as well as for vocal communication, frequency-domain multiplexing is used. The major spectral power of the human voice is confined to within the range of 0.4-0.7 kHz. We have reported that it is possible to limit the bandwidth for vocal communication to within 0. 
Digital Multiplexing of Vital Signs
For one-channel ECG transmission, the analog multiplexing mentioned above is useful. However, more physio-
Mic. The fixed bit-rate allocation method was used as the format for transmitting data. This method is suitable for serial real-time transmission and has a small out-of-synchronization probability. Fundamental analysis for this transmission has beenreportedelsewhere [8, 17] . In this method, the data length of one frame of the serial data must be determined. Some of the bits in a frame, such as parity bits, are used for frame synchronization and for error control. The shorter the data length in a frame is, the less transmission error can be expected. However, if the data length in a frame is short, the throughput of the data becomes worse. Error analysis was conducted to find the optimal frame length in this tradeoff between reliability and efficiency. The bit allocation for different kinds of data in a frame of 1,200 bits is shown in Table 2 .
Telemedicine in an Ambulance
Fundamental Principle Figure 6 illustrates the principle of telemedicine in an ambulance [ 181, The appearance of the patient is taken by a CCD camera at the accident scene or in the ambulance. Color still-pictures are transmitted, and each scene is renewed every 20-80 sec. Vital signs, such as an ECG and blood pressure, are sampled, digitized, and multiplexed in a personal computer. The signals are fed into the transmitter through a modem, and then transmitted to a central fire station using an emergency radio link or a mobile telephone network. 
Principle of multiple medical data transmission from a moving ambulance.
At the fire station, the communication channel is connected to a telephone line, and the signals are transferred to an appropriate hospital. In the hospital, a medical doctor can view the color images and monitor the patient's vital signs in real time. The doctor then sends the necessary information to the paramedics through a vocal communication channel.
Data-Transmission Media
The emergency radio link of a fire station and a mobile telephone network are used as wireless transmission media. In the former case, the signals from an ambulance are transmitted to a relay station on the top of a mountain in the suburbs of our city (Sapporo) using a radio frequency (150 MHz band FM, 10 W). The signal is then transmitted from the relay station to the central operating room of the fire station through a microwave network of 12
GHz. Based on the judgement of the fire-station operator, the signal channel is connected to a wire telephone network. In this way, the signal is transmitted to output devices such as a CRT display or an ECG recorder in the emergency room of a hospital.
In the case of a mobile telephone network, signals are transmitted by radio waves (900 MHz band) from the ambulame to the nearest base station of the mo- 
Results of analog ECG transmission from a moving car.
bile telephone system. The wireless channel is automatically connected at the base station to the wire telephone network. The signals are then transmitted to the telephone terminal in an emergency room of a hospital.
Multiplexed Transmission of Analog ECG
Using the experimental system described above, experiments were conducted on simultaneous transmission of an analog ECG and a vocal message from a moving car. More than 90% of the test sentences, which had no connection with each other, were clearly understood. If the sentence was not clear in practice, the receiving person could ask for the sentence To examine the usefulness of this system, experiments were conducted on transmission of an ECG from a moving ambulance. In the central city and suburban areas, the results were satisfactory except for when the ambulance passed through a tunnel or an underpass. Figure 7 shows an example of the results. When the communication link was not good, noise appeared in the received ECG. However, the major waveform of an ECG could still be recognized in a noisy signal. Figure 8 shows a typical example of temporal changes in the received signal quality. The ordinate is the correlation coefficient between the input ECG waveform of a transmitter and the output waveform of a receiver. Generally, the ECG waveform is sufficient for clinical diagnosis if the correlation coefficient is more than 0.8-0.9. As can be seen in Fig. 8(a) , the results using a mobile telephone line were satisfactory. The temporal degradation of signal quality at 10 and 50 min after the start of transmission seemed to be due to the hand-off phenomenon of a mobile telephone line. In the case of an emergency radio link (Fig. 8(b) ), the degradation of signal transmission was relatively large, especially from 15 to 50 min after the start of transmission.
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To investigate the cause of this degradation, the strength of the received radio wave was analyzed. Figure 9 shows a comparison between the received level of the radio wave and the correlation coefficient of the input and output ECG waveforms. The figure shows that a decrease in the reception level is a major cause of the degradation of signal quality. This means that even in our experimental system, a reasonable quality of signal transmission can be expected as long as the reception level of the radio wave is maintained appropriately. This expectation was supported by the results of the latter half of the experiment (Fig.S(b) ). The steep drops in signal quality at around 80 and 130 min were due to interruptions in the communication link when the ambulance went through an underpass.
Multichannel Digital ECG Transmission
An experiment on digital ECG transmission was conducted using the system described above. Figure 10 shows an ECG transmitted by a regular modem for a mobile telephone. When the car was stopped and the communication link was stable, the quality of the received signal was good. However, when the car was rnoving, interruption and delay in the ECG waveform were observed. The delay sometimes exceeded several tens of seconds, which is not acceptable for emergency medicine.
The cause of the delay was the error-free operation of the modem used in the experiment. The modem was originally designed for mobile digital data transmission, such as a facsimile machine in a car. Thus, the modem at the receiving end kept requiring the repeated transmission of the data until intact data were received. The effective transmission rate thus became lower than the input and output data rate. This resulted in the dlelay seen in Fig. 10 , and eventually some data were lost when the transmitter biiffer overflowed. We call transmission using this modem "error-free mode."
To solve this transmission problem, a different type of modem was used. We call transmission using this modem "intelligent mode." With this intelligent modem, the effective data-transmission rate was significantly improved by the use of a data-compression technique. The software for data transmission was also redesigned to renew old data in the buffer if 
Temporal changes in the quality of received signals in analog ECG transmission:
(a) using a mobile telephone, (b) using an emergency radio.
buffer-overflow occurred. Thus, even if the communication link is culr by more than the buffering time, the latest ECG signals are received almost instantly when the link is recovered. In this way, real-time transmission of an ECG was maintained under an error-control protocol. Figure 11 shows the results of an ECG transmission in the intelligent mode. When the car was running in its usual manner, the quality of the ECG transmission was high. When the car passed through a tunnel, the communication link was temporarily cut and the ECG signal was lost for a short time, but real-time transmission was resumed when the car came out of the tunnel. In the experiment, the delay between the input signal to the transmitter and the output signal from the receiver was less than 5 sec, which is acceptable for the purpose of emergency care. However, if the communication link was cut for a relatively long period of time (more than several tens of seconds in our experiment), it took some time to resume data transmission. If the new communication link was good, it took 10-30 sec; but it took several tens of seconds or even several minutes if the new communication link was poor. This long delay was due to the time required to establish the communication protocol between the transmitting and receiving modems, which automatically select the parameters of data transmission according to the conditions of the communication link. This initial handshake takes a relatively long time (usually several tens of seconds). Figure 12 shows a comparison of the two modes of data transmission. With digital ECG transmission, the correlation coefficient between the input and output waveforms is generally 0 or 1. Thus, the number of received intact ECG wavelets was used as an indicator to represent the fidelity of the transmission. In the experiment, each ECG wavelet (from P-wave to T-wave) was sent every 1 sec from an ECG simulator, and the received wavelets were counted every 10 sec. Therefore, fidelity of 10 indicates perfect transmission. The results in Fig. 12 show a great improvement from the error-free mode to the intelligent mode. In the latter case, almost perfect transmission was attained if the conditions of the communication link were reasonable. However, if the conditions were relatively poor, the transmission was stopped and it took some time to resume. Thus, it was shown that three-channel ECG transmission is feasible with a mobile telephone line in practical conditions. To test the usefulness of this technique, a three-channel ECG transmission was conducted from a moving ambulance to the emergency room of a hospital. This transmission was evaluated as "sufkiciently useful" by a medical doctor specializing in emergency medicine.
Comparison of ECG Transmissions
To study the merits of analog and digital ECG transmissions, their characteristics were compared in transmission experiments from a moving car. Figure 13 shows the temporal variation of transmission fidelity with changes in the strength of the received radio wave. Fig.14 shows the relationship between these two parameters. The routes taken by the car were almost the same in the analog and digital ECG transmission experiments, and the routes were confined to the central area of Freauencies our city (Sapporo). The results of the experiments showed the characteristics of analog and digital ECG transmissions. In analog ECG transmission, the fidelity of data transmission vaned with changes in the received radio wave. While in digital ECG transmission, the fidelity remained high until the strength of the radio wave dropped below a certain level. These characteristics can also be seen from a comparison of Figs. 14(a) and (b) .
Generally, if the correlation coefficient is more than 0.8, we can identify the ECG waveform from background noises and recognize a change in heart rate by visual observation. Therefore, when the conditions of the communication link are not stable, such as in an emergency radio link, analog ECG transmission seems to be better. However, if the communication link is relatively stable, such as in a mobile telephone network, digital ECG transmission in the intelligent mode is more effective.
Transmission of Color Images
Although the need for ECG transmission from an ambulance has been widely recognized, until very recently there have been relatively few reports on the use of [8, [18] [19] [20] . Transmission experiments from a moving car were conducted using the system described above. The images transmitted were color still-pictures renewed every 0.5-1 min. First, an appropriate data-transmission rate was investigated. The rates examined were 2.4,4.8,7.2, and 9.6 kbps. Using a higher rate (7.2 or 9.6 kbps), the image renewal time can be shortened (i.e., 20-30 sec) but the transmission becomes more susceptible to noise and vibration of the car. Based on the results of repeated transmission experiments, a transmission rate of 4.8 kbps was selected as the most appropriate for our system. At this rate, data transmission remained reasonably stable, and images were renewed every 40 sec on average. Figure 15 shows the color image transmitted from a moving car under stable condi- tions; i.e., traveling at a speed of about 50 k m h on an asphalt-surface road. As can be seen in the figure, the transmitted image was of sufficient quality for understanding the patient's condition. For comparison with extreme conditions, a color image was transmitted from the car traveling on a gravel road in a mountainous area. The vibrations of the car were so strong that the experimenters could not remain standing. The image was disturbed to some extent by noise, which appeared as white horizontal lines and as a change in the colors in a horizontal band. However, despite the noise, the quality of the images was still sufficient for understanding the patient's condition.
To examine the practical usefulness of this technique, transmission experiments were conducted under various conditions that were likely to be encountered in emergency cases. In the city area, the ECG and images were transmitted from various points; e.g., from a street with many tall buildings, from a narrow road between two tall buildings, under the overhead lines of streetcars, under overhead train lines, and from an underground parking lot. In the suburbs, signals were transmitted from residential areas, from highways, and from hilly areas. No problems for practical use were found in most of these locations. The only problems found were some long lapses in the communication link when the ECG and images were transmitted from underground parking lots or from behind a high mountain. The experiments were repeated using a mobile telephone line and an emergency radio link. With the emergency radio link, the communication link was relatively unstable and noise was greater than that in the mobile telephone line. However, except for this difference, the results obtained using these two communication links were almost the same.
To evaluate the practicality of this system, an experiment was conducted on simultaneous transmission of ECGs and color images from a moving ambulance to the emergency room of a hospital. A medical doctor specializing in emergency medicine evaluated the quality of the received signal, and he found it satisfactory for emergency practices. Table 3 .
Telemedicine via Satellite Communication
Satellite Link
The aircraft station was designed to be installed on B-747 cargo planes. The antenna system was designed to be mounted inside the roof. The frequency shift due to the Doppler effect was compensated for. The major specitications are shown in Table 3 .
The ETS-V satellite is a three-axis stabilized geostationary satellite. On-board equipment for communication experiments consists of L-band and C-band antennas and transponders. The major specifications are shown in Table 4 ground. The major specifications of the fixed station are shown in Table 5 .
Medical Data-Transmission System Figure 16 shows the outline of the medical data-transmission system. The data flow from the mobile station to the fixed station is as follows. In the vehicle shown in Fig. 16(a) , the audio, ECG (three channels), and blood pressure signals are acquired at specified intervals from the patient and are encoded in apersonal computer. The image signals are encoded by the image-compression system, and the coded signals are sent to a personal computer. The image signals and other signals are multiplexed in time and fed to the modulator of the satellite link. The multiplexed data is sent to the satellite in a serial mode and transferred to the fixed ground station.
In the ground station, shown in Fig.lb(b) , the signals are obtained from the demodulator of the satellite link and are demultiplexed in a personal computer. The image signals are sent to the image decompression system, and the picture is decoded and displayed. Other signak are directly decoded in the personal computer to produce the outputs. If an error in an ECG signal is detected in the decoding process, an ARQ signal is generated. The error correction of blood pressure signals is executed in the personal computer.
The data flow from the fixed station to the mobile station is as follows. In the fixed station (Fig. 16(b) ), the voice of the doctor is encoded in a personal computer.
The encoded signals are multiplexed with the ARQ signals from the ECG error detector and then sent to the modulator of the satellite link. The signals are sent to the satellite in a serial mode and transfemed to the mobile station.
In the mobile station ( Fig.l6(a) ), the signals from the demodulator are iseparated and decoded. The audio signals are directly decoded to an audio output. ECG ARQ signals are sent to the encoder in the personal computer. The stored clorresponding data are then transferred tlo the transmitter buffer. Automatic retransmission is achieved by transmitting these data again to the fixed station through the satellite link.
Transmission from a Navigating Ship
After the basic performance of the proposed system was verified by experiments in a fixed station, a transmission experiment from a navigating ship was conducted. The mobile station was installed in the training ship (1400 tons) of our university. The fixed station was set up in the ground station of the Communications Research Laboratory.
In the experiment, a variable noise was added immediately before the demodulator of the satellite link to change the state of the communication link. The color image, audio signal, ECG, and blood ]pressure were transmitted separately, and the quality of the data after decoding was examined. The lower limit of the carrier-to-noise ratio (UN,) that would guarantee satisfactory quality of transmission for telemedicine was investigated for each type of information. Figure 17 shows some examples of the received images.
When C/N, was 55.1 dBHz (Fig. 17 (b) ), the shape of the object was clear and color reproduction was good in more than half of the picture area. As C/N, decreased further, errors in the image increased rapidly. Thus, the threshold value for image quality was determined to be 55.1 dBHz. Table 6 summarizes the results of the experiments. The reliability of blood pressure transmission was improved by applying the error-correction technique, and satisfactory transmission was achieved up to 49.9 dBHz. This agrees with the results of the theoretical analysis (Fig. 2) .
The transmission experiments were conducted from different points over a period of two weeks while the ship navigated along the coast of Japan. During this period, the conditions of the satellite link were generally favorable. However, communication was occasionally interrupted when the ship was oriented in a certain direction. The cause of this was found to be that the main mast of the ship blocked the main lobe of the antenna, which was installed close to the base of the mast. This problem can be solved by setting the antenna at an appropriate position on the ship. Except for this problem, we could not find any significant difficulty in pro-15. An example of a color image transmitted from a moving car. viding telemedicine on a navigating ship. A detailed description of the characteristics of the satellite link with the ship station can be found elsewhere [21, 221.
Transmission from an Aircraft in Flight
A transmission experiment was also conducted from an aircraft in flight. The mobile station was installed in a jet cargo plane (Boeing 747), and the fixed station was set up in a ground station. The flight route mas along the great circle from Narita, Japan (New Tokyo International Airport) to Anchorage, Alaska, USA. The transmission experiment was conducted in the same manner as that for the navigating ship. Figure 18 shows examples of transmitted images. Again, when the C/N, of the satellite link was more than 55 dBHz, satisfactory quality was obtained in the separate transmission of image, sound, ECG, and blood pressure.
A simultaneous transmission of image, sound, ECG, and blood pressure was attempted. With C/N, of more than 55 dBHz, good multiplexing and demultiplexing without any crosstalk were confirmed. In this experiment, change in the C/N, of the satellite link was less than several dBHz during an approximately 20-hour round-trip flight from Narita, Japan, to Anchorage, USA. these experimlents can be found elsewhere [8, 23, 24] . 
Summary and Conclusions
